The oil-degrading Arthrobacter sp. RAG-1 produced an extraceilular nondialyzable emulsifying agent when grown on hexadecane, ethanol, or acetate medium. The emulsifier was prepared by two procedures: (i) heptane extraction of the cell-free culture medium and (ii) precipitation with ammonium sulfate. A convenient assay was developed for measurement of emulsifier concentrations between 3 and 75 ,tg/ml. The rate of emulsion formation was proportional to both hydrocarbon and emulsifier concentrations. Above pH 6, activity was dependent upon divalent cations; half-maximum activity was obtained in the presence of 1.5 mM Mg2e. With a ratio of gas oil to emulsifier of 50, stable emulsions were formed with average droplet sizes of less than 1 ,um. Emulsifier production was parallel to growth on either hydrocarbon or nonhydrocarbon substrates during the exponential phase; however, production continued after growth ceased.
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The growth of microorganisms on hydrocarbons is often accompanied by the emulsification of the insoluble carbon source in the culturemedium (2, 4, 13) . In most cases, this has been attributed to the production of extracellular emulsifying agents during the hydrocarbon fermentation (4) . A requirement for an extracellular rhamnolipid in hydrocarbon utilization by strains of Pseudomonas aeruginosa has been reported (7); mutants of P. aeruginosa which do not produce the rhamnolipid were found to grow poorly on the hydrocarbon substrate. Addition of rhamnolipid from the parental strain stimulated the growth of such mutants on hydrocarbons. However, most extracellular emulsifying substances have not been well characterized, and very little is known about their chemical properties, mode of action, or biological function.
We have previously described an emulsifying activity present in the culture fluid after growth of an Arthrobacter species, RAG-1, on either crude oil or n-hexadecane (8) . This report describes the isolation and partial purification of an emulsifying agent produced by RAG-1 during growth on media containing n-hexadecane, acetate, or ethanol. In addition, a convenient and sensitive assay for measuring emulsion formation and stability is described. Subsequent reports will be devoted to a description of the hydrocarbon substrate specificity for emulsions and physical and chemical properties of the emulsifying factor, as well as its immunological characteristics.
MATERIALS AND METHODS
Preparation of the emulsifying substance. The emulsifying factor of Arthrobacter sp. RAG-1, referred to as EF-RAG, was prepared by two procedures: heptane extraction of the cell-free culture medium after growth in hexadecane medium and ammonium sulfate precipitation of the culture fluid after growth in ethanol medium. In each case, the bacteria were grown at 30°C in New Brunswick 14-liter fermentors for 4 days. Emulsifying substance prepared from the ethanol culture is termed EF-RAG(UET), whereas the material from a hexadecane culture is termed EF-RAG(HD).
(i) Heptane extraction. Twenty-seven liters of a hexadecane-grown culture was cooled, and the cells were removed by centrifugation in a Sorvall KSB flow centrifuge. The supernatant fluid was then extracted twice with 1/3 volume of redistilled diethyl ether. Residual ether in the aqeuous phase was removed by bubbling with filtered nitrogen gas. The combined ether phase contained no measurable emulsifying activity and was discarded. The aqueous phase was filtered successively through 3-, 1.2-, 0.8-, and 0.45-,um membrane fiters (Millipore Corp.), and the clear filtrate was then extracted four successive times with 0.15 volume of heptane. Around 10% of the emulsifying activity remained in the aqueous phase and was discarded. The heptane fractions were combined and evaporated to a yellow syrup in vacuo. After extraction with ether, the syrup was dissolved in 100 ml of 50% aqueous methanol. The resulting viscous solution was dialyzed against several changes of distilled water and lyophilized. The yield of lyophilized EF-RAG(HD) was 1.5 g from 27 liters, with a specific activity of 205 U/mg. Similar data were obtained with the heptane extraction procedure using gas oil instead of hexadecane as the growth substrate.
(ii) Ammonium sulfate precipitation. Ammonium sulfate (1,760 g) was added slowly with stirring directly to 10 liters of cooled (40C) ethanol fermentation broth (30% saturation) without prior removal of the cells. After standing overnight, the supernatant fluid was collected by decantation. The precipitate was suspended in 30% saturated ammonium sulfate and centrifuged at 10,000 x g for 15 min. The combined supernatant fluids were further clarified by passage through a thin layer of kieselgel. To the cell-free supematant fluid was added an additional portion (62 g/liter) of ammonium sulfate to reach a final concentration of 40% saturation. The resulting precipitate, collected by centrifugation at 10,000 x g for 15 min, was dissolved in 200 ml of water, extracted with ether, dialyzed against distilled water, and lyophilized. The yield of EF-RAG(UET) was 2.1 g from 10 liters, with a specific activity of 300 U/mg.
Standard assay for emulsifying activity. Hydrocarbon (0.05 or 0.1 ml) was added to 7.5 ml of filtered seawater or 7. Materials. Agha Jari and Gach-Saran gas oils were obtained from the Haifa Refinery, Haifa, Israel. The chemical and physical properties of the paraffinic Iranian crude oils from which they were derived have been reported (3, 4) . Prudhoe Bay crude oil used for surface tension measurements was obtained from W. H. Wade, University of Texas. Olefin-free hexadecane (>99% purity) and Kieselgel were obtained from Fluka Chemical Co., Switzerland. 2-Methylnaphthalene was a product of Aldrich Chemical Co., Milwaukee, Wis.
Microorganism and growth conditions. Strain RAG-1, an Arthrobacter sp., has been described previously (8) . The organism was cultivated in a medium containing 0.125% urea, 0.125% MgSO4. 7H20, 0.002% FeSO4.7H20, 0.001% CaCl2 (anhydrous), 0.025% K2HPO4, 0.2 M Tris-hydrochloride buffer (pH 7.4), and either 0.2% (vol/vol) hexadecane (hexadecane medium), 0.5% sodium acetate (acetate medium), or 0.1% (vol/vol) ethanol (ethanol medium). Unless otherwise stated, incubation was at 30°C with vigorous reciprocal shaking. Growth was initiated with 2-ml inocula of late-exponential-phase cultures into 200 ml of prewarmed media in 1-liter flasks. Viable cell number was determined by spreading 0.1 ml of an appropriate dilution on ACYE agar: 0.5% sodium acetate, 0.1% yeast extract (Difco), 0.125% urea, 0.025% K2HPO4, and 1.5 % agar (Difco). Plates were incubated at 32°C for 3 days. Growth in ethanol and acetate media was also estimated by turbidity, using a Klett-Summerson colorimeter fitted with a green filter or a Gilford spectrophotometer, model 240. One-hundred Klett units of exponentially growing Arthrobacter sp. RAG-1 corresponds to an absorbance at 620 nm (1-cm light path) of 0.816 and a biomass of 0.37 g/liter (dried at 900C for 16 h).
RESULTS
Emulsifying activity as a function of EF-RAG concentration. To study the kinetics of emulsifier production and to proceed with the isolation and purification of the active component(s), a series of simple sensitive assays for emulsifier was developed (Fig. 1) . The analysis was based on the large increase in turbidity of a mixture of water and oil obtained from the emulsion of the hydrocarbon in the aqueous phase. The first assay, involving emulsification of gas oil in seawater, resembles those conditions pre- concentration was determined as described in the text, using 0.05 ml of Gach-Saran gas oil and 7.5 ml of seawater (0), 0.05 ml of Gach-Saran gas oil and 7.5 ml of Tris-Mg buffer (A), and 0.1 ml of 1:1 (voll vol) hexadecane-2-methylnaphthalene and 7.5 ml of Tris-Mg buffer (0). The U/ml of cell-free culture fluid in the ethanol medium. Emulsifier was also produced during growth in acetate medium. Over 75% of the activity was extracellular after growth in acetate or ethanol medium, whereas all measurable activity was extracellular when RAG-1 was grown on hexadecane medium ( Table 1 ). The activity associated with the pellet fraction was variable; in certain cases no measurable cell-bound activity could be found. Disruption of the pellet fractions by sonic oscillation did not release additional emulsifier activity.
Kinetics of EF-RAG-induced emulsion formation. The rate of emulsification of gas oil by purified EF-RAG is summarized in Fig. 4 . At fixed concentrations of EF-RAG(HD), the rate of emulsion formation as well as the final turbidity was proportional to a gas oil concentration of between 5 and 100 mg of gas oil per ml. With 33 or 100 jig of EF-RAG per ml and concentrations of gas oil exceeding 45 mg/ml, half-maximum turbidities were reached in less than 5 min. If EF-RAG and gas oil were allowed to interact at 25°C for 2 h without shaking, half-maximum turbidities were obtained in less than 2 Fig. 5 . Emulsions were formed over the entire gas oil concen- tration range studied, 0.5 to 100 mg/ml. Below 1.5 mg of gas oil per ml, turbidities were directly proportional to gas oil concentration. At between 8 and 30 mg of gas oil per ml, turbidity increased about 5 Klett units/mg of gas oil.
Effect of pH and salt concentration on emulsion formation. EF-RAG-induced emulsification of gas oil as a function of pH is shown in Fig. 6 . In seawater, near-maximum emulsions were obtained from pH 5 to at least pH 9 . Above pH 9 precipitation of salts prevented accurate measurements of emulsion. In aqueous solutions containing Tris buffer, citrate-phosphate buffer, or diluted saline, a sharp maximum was obtained between pH 5 and 6. Above pH 7, activity was completely lost.
To better understand the different results obtained in seawater and freshwater, the effect of Cultures (40 h) were centrifuged at 10,000 x g for 15 min. Pellets were washed once with Tris-Mg buffer. The hexadecane pellicle formed during centrifugation was removed and washed twice with growth medium before assaying for activity. Emulsifier was assayed as described in the legend to Fig. 1. salts on EF-RAG-induced emulsification was measured at pH 8.0 (Fig. 7) . Maximum activity was obtained with 5 to 40 mM MgSO4 or MgCl2. Half-maximum activity was achieved with 1.5 mM Mg2+. CaCl2 (10 mM) and MnCl2 (10 mM) could substitute for MgSO4. On the other hand, NaCl (10 to 500 mM) had little effect on emulsion formation in either the presence or the absence of Mg2+. Thus, the ability of EF-RAG to emulsify hydrocarbons above pH 6 is dependent upon divalent cations.
Stability of EF-RAG-induced emulsions. as a function of pH. One hundred-milliliter flasks contained 33 pg of EF-RAG per ml, 6 mg of Agha Jari gas oil per ml, and 7.5 ml of seawater (0), 10 mM NaCl (0), 100 mM citrate-phosphate buffer (A), or 50 mM Tris-NaOH buffer (O). The pH values of seawater and 10 mM NaCl were adjusted by addition of HCI or NaOH. Turbidities were determined after reciprocal shaking (150 strokes per min) at 25°C for 60 min.
Gas oil emulsions formed in the presence of EF-RAG slowly separate into two phases when allowed to stand undisturbed: a lower, clear aqueous phase and a turbid upper phase containing concentrated oil droplets, bound EF-RAG, and water. As observed with a phase microscope, emulsion breakage (demulsification) was a result of "creaming" due to density differences between the two phases and was not accompanied by droplet coalescence or aggregation. The rate of phase separation was followed by turbidity measurements in a Klett tube (Fig. 8) . Emulsion stability depended more upon the ratio of gas oil to EF-RAG than on the absolute concentration of EF-RAG or gas oil used to form the emulsion. With gas oil to EF-RAG ratios of less than 25, over 24 h of standing was required for a 50% decrease in turbidity. With ratios between 25 to 200 and 200 to 1,000, half-maximum turbidities were reached in 1 to 24 h and 10 to 60 min, respectively. In all cases, the upper "cream" immediately dispersed in aqueous media, indicating the presence of oil-inwater emulsion. Emulsion breakage was enhanced by divalent cations. The rate of flotation of oil droplets as a function of the gas oil to EF-RAG ratio is shown in Fig. 9 . The average radii of the droplets were calculated from Stokes' equation (10), using 0.90 g/cm3 as the density of gas oil. The calculated droplet sizes were in good agreement with measurement of droplet size by phase microscopy (using a calibrated eyepiece micrometer). With a ratio of gas oil to EF-RAG of 50, the droplets were barely visible by light microscopy.
Lowering of interfacial tensions between petroleum fractions and seawater by EF-RAG. The ability of EF-RAG to lower the interfacial tension between a series of n-alkanes and seawater is shown in Fig. 10 . Using similar techniques, the interfacial tensions between Prudhoe Bay crude oil and seawater was measured, using 1 and 10 mg of EF-RAG(HD) per ml, yielding 8.3 and 6.9 dyn/cm, respectively. (Surfactants are available which lower the tensions to less than l0' dyn/cm) (1).
DISCUSSION
The assay for the emulsifying factor produced by RAG-1 is both convenient and sensitive. Furthermore, since the turbidity of the emulsion is directly proportional to increasing concentrations of EF-RAG, the procedure can be used either to follow the purification of the material from the culture fluid or to assay cultures directly in order to monitor production. Finally, since the emulsifying factor can be assayed with a defined substrate such as a mixture of hexa- Rate at which emulsified oil droplets rise as a function of the gas oil to EF-RAG ratio. Experiments were performed as described in the legend to emulsification is the subject of an accompanying paper (9) . The rate of emulsion formation and the final turbidities were found to depend on the concentrations of both EF-RAG and hydrocarbon, whereas emulsion stability was found to be a function of the EF-RAG-hydrocarbon ratio in the assay. This suggests that the activity of the emulsifier involves a direct interaction with the hydrocarbon itself rather than simply exerting an effect on the surface tension of the medium. In fact, several surfactants which brought about a much larger drop in the surface tension were found to be much less active in emulsification of gas oil (unpublished data). This apparent affinity of ER-RAG for hydrocarbon substrates formed the basis of the heptane extraction step used in one of the purification procedures. A second feature of emulsion formation is associated with the sharp decline in activity below pH 4. This may be attributed to the protonation of a carboxyl group in EF-RAG (14) . Above pH 7.0 the activity is strongly inhibited in the absence of divalent cations.
Although insufficient evidence has been obtained to explain the function of divalent cations in the emulsification process at alkaline. pH, metal ions may be involved either in maintaining the appropriate configuration of the emulsifier or in stabilizing the EF-RAG-oil complex.
The time course of EF-RAG production was parallel to the time course of growth on both hydrocarbon and nonhydrocarbon substrates during the exponential growth phase; however, emulsifier production continued after growth ceased. Although not presented in this report, the production of EF-RAG was found to be growth associated even at very low cell densities (103 to 106 cells per ml), using a highly sensitive radioimmunoassay system. Additional support for growth-associated production stems from continuous-culture experiments in which production was observed during steady-state growth conditions (unpublished data). It remains to be determined whether production of the bioemulsifier involves de novo synthesis or simply the excretion of the polymer into the medium. Preliminary experiments with restingcell suspensions indicate that both utilizable carbon and nitrogen sources are required for EF-RAG production.
A number of different microorganisms have been shown to produce hydrocarbon emulsifiers (2, (4) (5) (6) (7) (11) (12) (13) . These emulsifiers appear to differ from EF-RAG with respect to chemical composition, substrate specificity, response to divalent cations, pH optima, and temperature sensitivity. However, since previous reports do not include a quantitative estimation of emulsifying activity on a weight basis, a more detailed comparison of the different preparations with respect to this important characteristic is currently not possible.
